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PRO0DCTXOR OF PARTZCULATE M/ITZRZALS 

This invention r«lat«s to the production of solid partidss bf s 
proeoss involving stonisntion of m liquid fonulation and At loast 
partial chango of phase of the liquid droplets while in flight. 
^ Zt is desirable for a number of industrial and other (eg. 

pharmaceutical) applications to produce particulate materials vith a 
narrov size distribution range. 

Spray dryers for the industrial scale production of solid 
particulate sttterials from liquid formulations are well kBOwn and 
tjpieally comprise a tower into which the liquid formulation is 
. epr m yed by an atomiser with hot gas being introduced into the tower 
for contact with the spray. Various forms of atomleer are in common 
use, such as two-fluid pneumatic noaales for small drops* 
eingle-fluid noaales and high speed rotary disc atomisers. 
13 However • existing industrial scale spray dryers do not readily 

lead themselves to applications in which the sine of tho particles 
can be accurately controlled • particularly in applieatiotte requiring 
narrow sine distribotiens with an SMD (Sauter Mean Diameter) lees 
than 1 fln« and especially less than 300 sd^crons. Also, existing 
20 industrial scale spray dryers tend to produce substantial quantities 
of fines which are entrained by, and have to be subsequently 
separated from, ths gas used to effect drying. Separation equipment 
for the purpose of gas clean-up constitutes a significant capital 
cost in building a spray drier plant. There is coneequently a need 
25 for apparatus and a process capable of producing closely controlled 
particle sixes with odAimal fines production. 

It is known from Berglund and Liu (Environsiental Science ( 
Tecbnology. Vol 7, Ho. 2, February 1973, Pages 146-193) to generate 
aerosols comprising closely monodisperse particle sixes. Droplets are 
30 formsd from a single liquid Jet by feeding liquid under pressure 
through a single orifice in a disc and oieehanically disturbing the 
disc at a constant frequency by msans of an electrically driven 
piesoelectrical ceramic so that the jet breaks up into uniform 
droplets. The droplets so formed are then passed through a further 
35 orifice together with a turbulent air jet which eerves to dieperse 

the stream of droplets into a conical shape. The roaulting aerosol is 
diluted and transported by an air flow passing through a vertical 
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pl..tic tub. and th. .ir 1D.7 .l.o ..rve to dry tha dropl.t. vb«> tfc. 
Uttor coopri.. a non-voLtile .olute in • vol.til. .olvent bj 
evaporating the solvent. The .erosol generator dlacloeed in the 
Berglund and Liu reference is intended to produce nonodisperse 
aerosols for use in aerosol research, calibration of aerosol sampling 
Mnd s-asurea-nt instrum«its. teetiag particulate control device, such 
as cyclonee. filters and scrubbers, and for studying the effects of 
particulate air pollutants. 

The use of a sonic device to induce cyclic disturbances on the 
.urfaces of liquid Jets f oroed by a saUtiple orifice no»le for the 
production of • s»nodieperse spray is disclosed in an article by L F 
Bouse 111 Ir«MCtioM of the A8AB . «75. Pegee 618-6Z2. 

6L-A.14MS97 disdeee. a Mthed of prUling • liquid in «hich a 
liquid, i. peeeed under pressure through a fUt perforated pUte and 
is «»bjected to periodic pressure fluctuations in the direction of 
flow. The perforations are shenn as being oriented at dlffermt 
angles relative to one another for reasons that are net disclosed. 
The re«atlag liquid droplets solidify to fona grain, having average 
dianters of the order of l»00 aderens or greater. 

BP.A.66704 discloses a process for the production of perfectly 
spherical and porous granule, by di.pen.ing frosi * plurality of 
needles liquid droplets ^ch fall on to a fl»ving bed of poedered 
naterial. the droplet siae and shape being controlled by producing a 
lasiinar air flow concentric «ith each droplet-fonaing needle .0 that 
Che droplets esdtted individually from each needle is skiamed by the 

laadnar air flow. 

The present inv«ition seeks to provide an Improved process for 
the production of .olid particle, with a controlled narrow else 
di.tribution. particularly induetrial scale production of solid 
particles with narrow particle siae ranges with a Sauter Mean 
Diameter substantially less than I mm. eg no greater than 800 micron 
and. in some instances, less than SOO micron. 

Accordisg to ths pressnt invention there is provided a proces. 
for the production of solid particles, compri.ingt 
projecting from a body of liquid an array of mntually divergent jet.s 
disturbing the Jets to cause break up thereof into streams of 
droplets of narrow sise distribution: 
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contActlng thm mmy of rssultiag droplet strsans with « gmm £lov to 
radac« comlosconee of th« droplets in each ttrean; and 
causing or allowing the droplets to solidify at least partially while 
in flight. 

^ Preferably the gas flow is turbulent and is contacted with the 

droplet etraaae eo as iapart variable dieplaeeaent forces to the 
droplets Interally of the direction of Jet projection. Alternatively 
or additionally* the gas flow siay be arranged to iaipart an 
acceleration to the droplets in the general direction of travel of 
the array of Jets. 

Ve haww oetablished that, whilst it is poseible to prodnce 
relatively large droplets (typically with a aean diaaeter of 2000 
microns) with a narrow droplet sise distribution by controlling break 
up of the liquid jets, when substantially saaller droplets (for 

15 euq^e, laee than about 500 microns) are required the spread of 
droplet eisee iaereaeee significantly. Ve have, foond that this is 
attribatabia to the fact that, whilst small droplets can be initially 
produced with a narrow aise range by techniques involving controlled 
disturbance of liquid jets, subsequent coalescence of droplets 

20 derived from each jet takes place which affects the initial narrow 
sise distribution significantly. Such coalescence tends to take place 
when the droplet siae is such that successive droplets in the stream 
tend to cloee up and coalesce due to a reduction in drag force on 
droplets in etreams (ie. slip streaming). 

25 The gae flow is employed in the process of the invention to 

reduce such coalescence thereby allowing the initial narrow droplet 
sire distribution to be substantially amintained. As indicated abovw, 
coalescence can be reduced by disrupting the droplet streaiu by means 
of a turbulent gas flow and/ or accelerating the droplets in each 

30 stream to overeosw drag force- induced coalescence. 

According to a second aspect of the present invention there is 
provided apparatus for producing solid particles, comprising: 
means for discharging liquid formulation from a body of the liquid as 
an array of jetss 

35 means for disturbing the jets to cause break up thereof into an array 
of droplet etreams comprising droplets having a narrow siae 

distribution: 
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„.n. for contacting the dropl.t str.«in. with a g«a fl«r .o th»t, 
prior to tho onset of co«l«tc«ice. thm dropl.ts in Mch ttroan are 
dispersed to reduce coalescence thereof s and 

means for effecting at least partial solidification of the droplets 

^ vfaile in flight. 

Preferably the contact bs^en the gas flow and the liquid Jets 
or droplet streaas is such that the droplets in each stream ars 
subjected to variable displacement force, laterally of the direction 
of jet projection and/or to an acceleration in the general direction 
10 of travel of the array of jets. 

Osually the magnltade of the gas flow velocity exceeds the 
mssnitnde of the velocity at which the Jets are projected. Preferably 
the gae_ flow vwloclty hns a magnitude which ie at least twice that of 
the JeM. 

15 the liquid formulation will of course be one which is capable off 

undergoing at least partial eolldiflcatlon whUe the dreplete are ia 
flight. 

Preferably eolldiflcatlon of the droplets Is effected by 
iateraetloa with the gae. The nature of the interaction aay take 

20 different form; for emle. in some instsnces. it may Involve 

transfer of heat between the droplets and the gas (the flow- of heat 
being either froB the gas to the droplets or vice versa), or it aay 
iavolve a chemical reaction beween the gas and the liquid 
formulation. For instance, whilst in flight the droplets aay be 

25 subjected to Irradiation which, in the case of a suitable liquid 
formulation, aay initiate or assist a chemical reaction between 
constituents of the liquid fotnnlation. 

in soM cases, the gas may play a substantially passive role in 
the solidification process t for instance, the liquid formlatlon may 

30 be such that the droplets undergo solidification in flight without 
sssistance from the gas. The liquid fornulation may be one which 
undergoes solidification upon exposure to radiation, such as OV. IR. 
mlcrouave or visible radiation. In this .v«it. the process of the 
invention may coeq)rise exposing the droplets to radiation while in 

35 flight. 

The extent to which eolldificatlott needs to take pUce in flight 
vill depend upon the nature of the liquid fonmlatlon. Solidification 
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la namm iAStancss Med mXy hm partial if the partly solidified 
particles do not tend to adhere to one another iriien deposited on a 
collection surface. Zn this event, completion of solidification smj 
take place irtien the particles are no longer in flight. 
^ Although the droplets following partial or complete 

solidification thereof in flight may be maintained separated from one 
another by the gas flow until they depoeit on a collection eurface, 
it vill be appreciated that the need to maintain droplet separation 
appliee only vhlle the droplets are in a state in vfaich coalescence 
is possible. Thus, the gas flow need only be effective for 
maintaining droplet sepnration over that part of the droplet 
trajectories where coalescence may occur. 

Xn eeeordaace vitli a preferred aspect of the preeent intention 
this Jets are focflMd by projecting a liquid formulation as a plurality 
of mutually divergent Jets from a body of said liquid formulation and 
applying preeeure pulses to said body of liquid foraulation so that 
the Jets are siaaltaneouely eubjected to eaid preeeure pulses and are 
thereby caused to break up into droplets of narrow sise distribution. 

For esneple* the Jete may be subjected to perturbations induced 
2^ by aceuetie preeeure pitlees resulting in Jet break-up into 
substantially wmosiae droplets. 

The pressure pulses ars advantageously produced by an acoustic 
transducer* for example a pieso*electric transducer or 
smgneto-strictive device ismmrsed within or in contact with the body 
25 of said liquid formulation. 

The pressure pulsiag maane will usually be arranged to produce 
pulsee having a predetesained amplitude and frequency euitable for 
achieving deeired droplet sises and conveniently is capable of 
producing a selectively variable amplitude and/or frequency output so 
30 that these parameters siay te varied in accordance with the nature of 
the liquid fomolation and the desired droplet sises. The aaiplitudes 
and frequencies may be detersdned esipirically for a given liquid 
fonsulation and usually fall within ths range 0.5 to S microns and 1 
to 300 kBz reepectively. Preferably the pulse frequency is that at 
35 which the Jets reeonate. 

Ueually the liquid formulation is projected ae a multiplicity of 
mutually-divergent Jets between a pair of imaginary conical surfaces. 
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Preferably the jet. .re projected from .n arr.r of orifice. 
forn»d ia a curvilinear outwardly convex .urfac. .uch that tHe 
curvature of the .urface detarodna. the trajectoria. of the Jet., the 
curvilinear aurface adv«tagaou.ly being generally part-.pharical 
.uch that aach Jet i. non-parallel with, and divergent with re.pect 

to. the remaining jet.. 

Tha pulsing wm»n% i. preferably so de.igned a. to produce a 
pr..«ire wave having a wavefront which .ub.tantially confono. to the 
shape of the .urface in which the orifice, are f onaed .o that 
.ub.tantially th. a— .wrgy i. li«PTted to aach orific. .ite. For 
inatMieo. i£ the orifice are fomd in a pUta or the lika of 
par«.aph«rieal configuration . the pul.ing -ean. i. preferably 
daaignad to produce proaaure pul.e. having a generally .pharical 
wavefr^t with an (laaginary) origin .ub.tantially coinciding with 
15 tho c«»tre of curvatur. of the part-epharical plato. 

Typically the jeta. and h«u:e tha droplet atraan darivMl 
tharafro.. are project^l vartically downward, with trajectoria. 
inclined to tha vortical. 

la a preaantly preferred embodl«ant. the orifice, are fonned in 
a diahad pUta of part-apherieal configuration at a loeaticm in the 
region of tha periphery of the pUta and are arranged to iapart to 
the reapective jet. a coapenant of .»tion dir«:t«l toward tha 
peripheral edge of the plate, the plate fotadng part of a va..el to 
^ch ..id liquid for-Oation i. .upplied under pre.«ire .o that the 
liquid ia forced through the orifice.. Th. plate i. preferably 
oriented .o that the jet. are diecharged generally downwardly and the 
ga. for contacting the droplet, i. cauaed to flow radially inwardly 
pa.t tha outer peripheral edge of the plate to effect the required 
eatrmioMnt. 

30 Although in preferred embodiaent. of th. invention, the ga. i. 

directed radially inwardly relative to the array of jet., we do not 
exclude the poe.ibility of di.charglng the liquid a. «x annular array 
of Jet. and contacting the- with a ga. flow which i. directed 
radially outward, fro- • location within th. aanaUr array in order 

35 to prevent or reduce droplet coaleacence. 

to a -odifiad arrangeMnt ia which pre.rare pulee. are applied 
directly to the liquid, the diaturbanca applied to the array of Jet. 
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issuing frooi thm orifices nay be gsneratsd hf produci&g ma acoustic 
standing «vo vlthin tba liquid* such that tha amplitoda of tho 
standing vave varias in a plane generally parallel to the plate in 
idiich the orifices are formed* 
^ Instead of applying pressure pulses directly to the body of 

liquid, the dlsturbancee applied to the Jets auiy be generated by 
physically vibrating the plate in which the array of orifices are 
forsMd. For iastaBce» thm plate oay be vibrated by ■esns of a 
resonant piesoelectric driver system* However, such an arrangement is 
not preferred since energy is expended in vibrating the plate itself. 

Typically, the number of orifices will range from 200 upwards, 
eg. from 2000 to 3000. The orifice diameters in practice depend on 
the mean particle else desired; for instance, the orlflcee may range 
from 10 to 500 microns In diameter. 

Deeirably the break up of the Jets into liquid is by way of 
laminar Jet break up. TTpical Jet velocities for the liquid 
f onulatlon as it dlscherges from the orifices range from S to 
20 m sec*^ and the Jet Reynold's nomber may range from 10 to 10,000. 

The gaa flew is preferably of a tnrbulent natnre so that the 
20 droplets are enbjeet to lateral displacesnt thereby tending to 
prevent or reduce slip etreasdng in addition to accelerating the 
droplets relative to one a n other. The gas flow typically hae a 
Reynolds nmber within the range 1x10^ and 1x10^. 

The velocity of the gas flow used to contact the droplets will 
25 depend on the Jet velocities es^loyed and is usually of the order of 
S to 30 m eec*^ giving gas Reynold's numbers of 10^ to 10^. Vhere the 
entralnment gae is used to effect or assist solidification of the 
droplets, its temperature smy typically range from -eo<^ to 500<^ 
depending on i^ther the gas is to function as a heat donor or a heat 
30 receiver in the solidification mechanism, eg. freezing or 
evaporation. 

The trajectories of the Jets are conveniently so arranged that 
the Jets enter the gas flow stream either before beginning to break 
up into droplets or, if subsequent to break-up, before any 
35 significant coalescence of droplets can take place. 

The invention will now be described by way of exaaiple only with 
reference to the accompanying drawings in which: 
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Figure 1 is • .chemtic »i«w o£ appmracus i» *ccord«ic« with th« 
invention for the production of partidei: 

Figure 2 i« • dingr«miiatlc undereide plan M of the orifice plate 
of the Jet-producing of the apparatus ahoiin in Figure 1; 
Figure 3 i. « part-iectlonal vie» shoviag the form of the orifices in 
the orifice plate t 

Figure 4 is a diagraanatic vie* shoiflng an embodia»nt of the 
j.t-producing apparatus in which adjustabUlty is provided in order 
to permit the generation of an acoustic standli^i 
Figure ♦A is a view corresponding to the embodiaent of Figure 4 
•hewing the form of th« acenstic standing wave generated thereby 
within the body of liquid: 

Figure 5 le a dlagra»Bntic view of another embodiment of the 
Jet-peoauclng apparatus la which an acoustic staadisg wave is 
produced In the vicinity of a multi-hole plate from which the jets 
issue t 

Figure • lo a dlagrssntle view of the droplet generator, 
mustratiag the naturw of the Interaction between the gas stresm and 
the droplet streams: and 

Figures 7A through 7D are graphs showing droplet sine distributions 
at various dist«»*s from a single Jet orifice, the abseissn being 
droplet dlumcor and the ordinate being liquid mass X. 

Kef erring to Figurws I to 3 of the drawings, the apparatus shown 
comprises a main vesssl 10 having a gas inlet 12 at its upper end and 
formed as a po«der collection hopper X4 at its lower end. the hopper 
section I* having an outlet 16 through which poirter may be withdrawn, 
in the vicinity of the gas inlet, the vesssl 10 heusee a Jet 
producing device 18 defining a chamber 20 to which a liquid 
formulation suitable for pc-der production i. supplied under pressure 
via an inlet 22. The liquid formulation is expelled from the device 
18 through an array of oriflcst 24 (see Figure 2) formed in a 
dovn-ardly presented plat. 26 which i. .o configured that the liquid 
issues from the orifices as a multiplicity of mutually-divergent Jets 
with radial components of motion directed away from the axis of 
sysBotry of the pUte 26 for contact with a turbulent gas flow 
supplied through the lalot 12. The gas passes through an annular gap 
36 surrounding the device 18 and is deflected by Inwardly extending 



wo 9400204 PCT/GB93/02554 

-9- 

t»a£fl« 38 so thmt an isnmrdly dixccted gas streu G is £ozMd« Thm 
length of thm dumter 20 is sslected so ms to sscnre laaiaar liquid 
flov entry to the orifices. 

As illustrated, the plate 26 is of part- spherical configuration 
^ and the orifices 24 are located in an annular sone extending around 
the centre sone of the plate 26 (see Figure 2). each orifice 24 being 
forsMd so that its axis is substantiallj nozaal to the plate and is 
is non*paralIel with the renaining orifice axee by virtue of the 
curvature of the plate 26. In this umy, each Jet and hence droplet 
stream issuing from each orifice is divergent with respect to its 
neighbours and the jete produced are projected dowomrdly in a halo 
vhich nmy be concentric vith the axis of syaBetrj of the plate 26. 

Althgugh the plata 26 is shorn as being part- spherical over ite 
entire extent^ it is not eeeential for thie to be the caee eince the 
orifices are confined to an aannlar region encircling a central 
unperf orated region of the plate. In the illustrated embodiaent, the 
orifices are arranged on an eituidistant triangular pitch (although 
other arrangeaeate are possible, such as a radial distribution). 
Thus, in an altemativs esBodiswnt (not illustrated), the orifices 

20 nay be distributed in radially equispaced circular rove coaxial vith 
the axis of eynsetry of the plate 26 vith the orificee in each rov 
cireumf erentially equispaced from one another and with the orifices 
in one rov cireumf erentially staggered from those in adjacent rows 
but radially aligned vith those in rows once removed therefrom. 

25 Typically the orifices in each rov have a centre to centre spacing of 
about 4 droplet diameters and adjacent rove are epaeed apart by about 
6 droplet diameters where the droplet diameter is computed on the 
basis of the Weber equation (as discussed hereinafter). 

As shovn in Figure 3, each orifice 24 is formed as a countersunk 

30 hole, the countersunk portion 24a being located at the internal face 
of the plate 26. Other orifice configurations can be used; for 
instance, counterbored orifices or straight, cylindrical bores 
vithottt any couaterbore or countersink. The cylindrical portion 24b 
of each orifice preferably has an aspect ratio L/D no greater than 10 

35 to secure laodJiar Jet formation. 

The Jets issuing from the orifices 24 are subjected to a 
disturbance in order to effect controlled break up of each Jet into 
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,«b.t.nti.llT ««odi.perse droplet,. In the mu.tr.ted «nbodi««it. 
thi. i. .chleved by producing .cou.tic pr...«re pul... within the 
body of liquid occupying the ch«.ber 20 .sd to thi. end. the device 
18 incorpormte. an electro..cou.tic tr«n.ducer 28. eg. « 
pie.o.electric tr«n.d«cer. the tr«i.dttCBr i. energised by . .ignel 
tcunitter SO Hid »plifier 32 " vroA^* .couetic pre..«r. pul... 
within the bbdy of liquid in .uch « ~y th«t each pul.. 
.iBultEn.ou.l7 di.t«rb. .11 of the liquid jet. i.^^ag from the pUte 
26 to .ub.t«ti.lly th. «et«t. By .pproprinte .electi«i o£ the 
p„l.e freq««cy ««l mplit«d.. with regard to properties of the 
Uquid euch a. it. vi«:o.lty. d««ity and it. He^onian or 
non.lta«toniaa ch.ract.ri.tlc.. the liquid Jet. c«i be caueed to break 
up Into .ub.tantially ■onodi.per.e droplet.. 

ni tranadueer 28 i. de.ignad to produc. pre.rare pul... having 
15 , mvefront which ntehe. the internal cnrvator. of th. plat. 28. 1.. 
the pr..«ire pul.. wavf ront in .£f .ct ha. a virtual origin which 
.ub.tantlally colneid.. with th. c«itr. of curvature of the internal 
.orfac. o£ th. plate 26. In order to produce a «iitably .haped 
preemre pol.. wavfront. th. tranedncar .ay co»pri.e .«re than on. 
20 traneduear .lownt ori«it.d with r..p.et to on. Mioth.r .. aa to 
coll.ctiv.ly produce a coinbln.d wav«<ront of th. d..ir«l .ha#.. 

in on. for. of th. Uwwition. th. tranaduear cosqiri... an 
ultra.onic tranaducr that pul... in th. rang, of 5 to 15 kBa and th. 
arrangeamt la preferably «ich that an acouatic .tending wave i. 
..tabllahed b.t~«i th. curvature of the tranadueer and that of the 
■alti-hole array formed in the plate 26. The distance beti..«i th. 
tran.ducer uid the array i. .et an evm nartwr of quarter 
vavelength.. The wav.l«gth of th. acouatic wav 1. a function of th. 
liquid acouatic proparti.. and th. £r.qu«cy of oporation. a. 
di.c«.s.d hereinafter. Ho-ver. whil.t it i. preferred to e.tablish a 
•tending wave condition, experience ha. shown that signific«it 
deviations from ideal standing wave conditions can be tolerated 
providing the disturbance produced st th. plate 26 is sufficient to 
break up of the jets to generate subatintially ■ondlaperse 



25 



30 
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35 droplets. 

R.f.rrl»S to Figur. in thi. -bodi-nt th. tr««d»c.r 28 is 
mounted for adjuatment within a pa.eage section 50 of the housing of 
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th« device 18 so tfaet the transducer fsce 52 is sheped to confonn 
genereily with the curvature of the plate 26 and is substantially 
concentric vith the latter. The liquid is supplied to the interior of 
the device housing via an inlet 54 and the passage eectlon 50, there 
^ being an annular filter arrangenent 56 between the transdncer body 
and the paeeage eectioa SO for filtering the liquid. The paaaage 
section opens into a conically shaped section to the larger diaaeter 
end of which the multi^hole plate 26 is connected. The liquid supply 
arrangownt and the hole configuration in the plate 26 is such that 
laminar Jet production Is secured. 

The transdneer body Is smmted on a disc 58 f oxming the foot of 
a rod 60 which la adjustable axlally by aeans of a linkage 
arraagesmt 62 actuated by a spindle 64. The spindle Is 
serev^threaded and is reeelTed for rotation in a correspondingly 

IS threaded bore in support 66 so that rotation of the spindle effected 
by sHtans of handwheel 68 displaces the spindle in the direction of 
its axle with coneequeat upward or downward aoveaent of the rod and 
the transducer 28. In this way, the transdneer can be adjueted to 
produce an acoustic standing wave. In practice • for a given frequency 

20 of operation of the transducer* a standing wave condition can be 
detected by locating an acoustic sensor such as a probe hydro^ione 
(not shown) ionediately adjacent the inner face of the plate 26 and 
adjusting the transducer until the signal derived eensor indicates a 
standing mve cendltlon. The aaiplltude of the standing wave varlee in 

25 a direction nosaal to the eurface of the plate and la depicted in 
Figure 4A by ehadlng X* with the anti-nodes indicated by refereneee 
A. 

Figure S illustrates an alternative esibodlBent of jet-producing 
device idilch aiay be used in the embodiment of Figure 1. In this 

30 esibodiaent, the acoustic standing wave is set up between a transducer 
70 having a cylindrical body located centrally of the multi-hole 
plate 26 and an annular reflector structure 72 vhlch is concentric 
vith the transducer 70 and forms an extension of the conically shaped 
section 74 of the housing of the device 18. Liquid is supplied to the 

33 section 74 via passage section 76. Opsration of the transducer 70 at 
a suitable frequency (or with a eultable radial spacing between the 
transducer 70 and the reflector 72) allows an acoustic standing wave 
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30 



to be ••t.bH.iied. th. anplitude of *hlch v.rle. in • pl«ne parallel 
to the plate 26. The form of the standing «ve is depicted hj shading 
X. the anti-nodes being at points A. In this eo*odia«it. the plate 26 
Is shorn as being generally planar: hoirever. a cnrvatnre may be 
5 iaparted to it in order to secure jet divergence. Alternatively, the 
planar plate 26 »«y havo Jet producing hole, ^ch are drilled at 
suitable angles to secure an array of natually diverging Jets. 

In each of the eabodlaents of Fignros I. ♦ and 5. it is 
preferred to generate the acoustic standing nave in such a «y that 
W there are an ovm manber of quarter uavelengths botmen the active 
face of the transducer and the pUte (in the ease of Figures 1 and *) 
or between the transducer and the reflector (in the case of Figure 
S). In such circumstances, if the reflections take place at surfaces 
which are perfect reflectors and if there is no signlfleaat 
15 attenuation in the liquid, the pressure aaplitude can be meay tijwe 
greater than the free field value at the nodes, and sere at the 
anti-nodes. If the spacing is not an even number of quarter 
mvelengths. the gain In pressure is much less until in the limit, 
when the spacing is an odd number of quarter wvelengths. under ideal 
conditions the pressor* at the node is equal to the free field value 
at the nodes and correapondingly less eleanriiere. 

in practice, the eurfaces at uhich the acoustic energy undergoes 
reflection will not be perfect reflectors (for instance, the 
saalti-hole pUte ifill have a complex impedance) and the liquids are 
likely to have substantial attenuation either intrinsically or by 
virtue of gas or solid, content in the liquid, and consequently the 
conditions in the Jet-producing device vUl not usually be ideal. 
Nevertheless, even in a non-ideal case, advantagee will usually be 
obtained with respect to producing effective dlsturbancee to the jets 
by establishing acoustic standing waves based on an even number of 
quarter wavelength spacing, between the transducer and the opposing 
r«f lective aurface conetituted either by the multi-hole array or by 
the annular reflector of Figure 3. As mentioned above, th* deeired 
standing wavi can be established by monitoring the sound level, with 
35 aid of a hydrophone probe. 

The dreplots hewevmr produced are contacted by the gas flow 
which 1. arranged to interact with the droplets in the manner 
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described in more detail in connection with Figure^ 6, the gee £loving 
froB the inlet 12 to an outlet 34* In the absence of gat flow, it hae 
been established that, because of the previously described slip 
streaming effect, there is a tendency for the droplets created by Jet 
^ break*up to coalesce, especially within about 100 to 900 nm of the 
Jet breakup point, with the result that the size distribution is 
adversely affected. By contacting the droplets with the gas stream in 
a suitable smaner* a substantial fraction of the droplets can be 
prevented from undergoing coalescence and, in this way, it is 
^0 possible to obtain a powder product comprising substantially monosise 
particles. 

Conversion of the liqnid droplete into powders may bo off eetad 
in a variety of ways. A particularly convenient method iarolvee 
making use of the gas used to entrain the droplets and m sin t ain them 
^5 separated in flight. Thus, for example, depending on the nature of 
the liquid formlation, the gas may be heated or cooled in order to 
transfer heat to. or extract heat from, the droplets. Bowever, ae 
asntioned previously other mechanisms for securing solidification (or 
partial solidification) are not excluded. Tho gae employed will 
20 usually be air although other gases are not excluded and may be 

neceesary for example where it is necessary or desirable to prevent 
oxidation or where the gas effects solidification by means of 
chemical reaction with the droplets. 

Vhichever mechanism is essployed to effect solidification, the 
25 liquid droplets follow a trajectory under the influence of the gas 
flow and undergo at least partial solidification ^diile in flight and 
eventually deposit as a powder in the hopper section 14 of the main 
vessel 10. Powder can then be removed continuously or batcfawise via 
the outlet 16. 

30 Typically, the liquid formulation used has a density of 700 to 

1500 kg m^, a viscosity of 10*^ to 10*^ Pa.s and surface tension in 
air of 0.030 to 0.073 N m. The orifice diameters are usually such 
that the droplets produced have a median diameter somewhat less than 
1 nn. typical orifice diameters ranging from 10 to 500 microns giving 

35 typical pressure drops of 10 to 0.5 bar 6 and Jet velocities of 3 to 
20 m sec*^ with Jet Reynold's numbers of 1 to 10^. The transducer 
operates with frequencies of 1 to 200 kBz with typical amplitudes of 
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O.S to 5 microns. The ges stream velocity is typically 5 to 
30 o «ec-l giving gas Reynold's numbers of lO* to 10«. 

Referring now to Figure 6. this illustrates certain 
coneideratione that ari.e in the design of a jet-producing device 
such ae that shoim in the embodiment of Figure 1. The central region 
of the pUte 26 is free of Jet-producing orifices. Jet production 
being confined to the annular region indicated by reference AR. The 
Jets produced at the inner and outer extremities of the annnlar 
region AR are designated Jj and Jq and the jets lAieh exist bet»en 
these extremities have been omitted for clarity. The gae flow is 
deeignated by arrows C and. although sham at one side only, it will 
be appreciated that the gas stresm O is directed inwardly towards the 
axis of sy»try 8 of the plate 2« around the entire outer periphery 
of the -device 18. Point C represents the centre of curvature of the 
plate 26 and all of the Jets have axes which, when extrmpolnted. 

intersect at point C. 

The liquid initially issues from the orifices as continuous 
llguoents which subseqently break up into respective streams of 
droplets under the Influence of the acoustic pulsing applied vU the 
body of liquid within the device. Dimension a represents the distance 
travelled by each Jet before break up commences. MMneion ^ 
represents the distance travelled by each droplet stream between the 
point of jet break up and the onset of coalescence (in the absence of 
the gas stream C). WhUet the diiwnaions i and t will vary for 
different liquids and operating conditions (eg orifice diameter. Jet 
velocity etc), typically the dimension A is of the order of 50 -a and 
the di««ision i i. 100 to SOO ami. The gas flow G is arranged so that 
it will impinge on the inner row of jets Ji within the dimension ^. 
ie before the onset of coalescence. 

The gas stream C serves to reduce coalescence by one or both of 
two mechanisms. One mechanism involves disruption of droplet slip 
streaming by subjecting the droplets to a lateral force: for this, 
the gas stream is conveniently turbulent so that the lateral force is 
variable. A second mechanism involves acceleration of the droplets in 
each etream by the gas stream at least to such an extent that the 
•pacing be««en sueeeeeive droplets is not allowd to decrease to a 
point where coalescence c»n occur on a significant scale. In 
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practice, thm Acc«le»tlon is usually such that the droplet spacing 
increases as a result of the acceleration iaparted hj the gee stream 
6. Although the gas stream G may be directed to soeure one or the 
other of these merhanisms, in the preferred arrangement the gas 
^ stream is arranged so that both mechanisms are effective vhile at the 
saaiB time ensuring that the gas stream impinges on all of the droplet 
streaoM before the onset of coalescence. Zt vill be understood that 
this can be readily implemented in practice by appropriately angling 
the direction of the gae stream 6, io^arting a velocity to the gas 
stream so that the desixed acceleration ie obtained and by 
appropriately limiting the distribution of the Jet producing orifices 
in the radially inwards direction* In the latter context, it vill be 
understood that the cloecr the orifices are to the centre of the 
plate 26 « the further the droplet streams vill travel before they are 

^5 contacted by the gae stream vith the ceasequenee that the gas stream 
is leee effective (if at all) in reducing or preventing coaleeceace. 

Typically the orifices vill be distributed over a generally 
annular region A& such that the angles of inclination 0 of the inner 
and outer jets Jx and Jo to the axis S lie between SO and 60*. 

20 To assist better understanding of the invention, reference is 

nov made to Figures 7A to 7D which illustrate the effect of -the gas 
stream interaction vith the droplet stream* Figure 7A illustrates the 
sise distribution obtained from a single acoustically pulsed Jet 
issuing from a SO micron orifice vith a Jet velocity of 6 m sec*^, 

25 the liquid formulation being glycerol /water (viscosity 10 cP) 
subjected to a pressure of 4 Bar. In this case, there is no 
disruptive /accelerating gas flow. The siae distribution vas amasured 
at a distance of IS awi from the orifice. The SMD (Saater mean 
diameter) vas found to be 12S nacrons and it vill be seen that a 

30 narrov size distribution exists at that location. 

Figures 7B and 7C relate to the same set of parameters as 
referred to abcnre except that the size distribution vas SMasured at 
locations ISO and 21S mm respectively from the orifice. In these 
instances, it vill be seen that the initially obtained narrow size 

35 distribution has broadened considerably and the SKD has increased 
substantially to 211 and 22S microns respectively. 
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Flgor. TV ms«ln relate, to the >«Be eet o£ paremeter* ■> 
deeeribed La coaMction with Figure 7A except that the Jet in thi. 
cee projected into a gee .tre«ii having a f lo» rate of ISO litre 
hour-1 (about kO > eec-l) and the site distribution «ea.«red at a 
distance of 215 aa from the orifice. It will noted that. whU«t the 

dietribution ha. broad«ied .lightly, it remain, narrow (the SMD 
in thi. ca«e being meaaured a. U.3 micron.). 

A. mentioned prewiouely. it i. preferred to operate the droplet 
generating dewlee uaing .tending wave condition, with the array of 
orifice, loented at a dl.t«ice corre.ponding to an even number of 
mvelengthe from the acouatic wave producing tranaducer. For a given 
orifice diameter and Jet velocity, this di.tance can be determined by 
computing the optimal break up frequency (the .o-called Weber 
freqoeBcy) fw giwwn by» 
IS fv - «J/W 

«here nj 1« the Jet velocity (m/.) ««l W i« the wavelength of the 
fa.te.« growing wave di.turbance leading to Jet break up. giv«i by. 
l^ - mOyfZll * 
where s 1. the Onhaeore number. « - n/(.dDj)% and 
where ia the orifice diameter /Jet diameter (a)i 
a 1. the viaee.ity of the liquid (>./^)t 
e i. the eurface teneion of the liquid (»/m)j and 
d 1. the deneity of the liquid (kg/m^). 
using water for example (s - 0.072 H/m. d - 1000 kg/mS. 
„ - O.OOl Hs/m2). for a l«ninar Jet velocity of 7 m/.ec and orifice 
diameter of 200 micron, the Weber frequency fw i« 5S20 Bs. 

If 1. and c are re.pectively the wavelength and .peed for .ound 

in water, then 

li - c/fw - 1450 /5S20 - 0.262 metre*. 
Tb».. to obtain standing wave conditions, the orifice array 
needs to be located at a plat, to transducer separation corresponding 
to ml,/* where « is an even integer. The stronge.t and l.a.t 
attenuated eignal will be obtained when m - 2. ie a plate to 
cranedueer eeparation of 0.131 metre.. 

The invention will be illuetrated further by the f olloelng 
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EXAMPLS 1 

A dispsrsiag agmt: disioivsd in «mt«r vaa sabjcettd to 
controilod Jet brook ap ttting o droplet prodttcing device oiailor to 
that shovn in Figure 4* The dispersing agent solution was one which 
^ when foxned into droplets could be dried bj contact with hot air and 
had the following physical properties at 20*Cs 
Surface tenalon 0.063 BIm 
Deneity 1217 kg/wfl 

Viecosity 0.0X4 Vs/m 

The orifice diameter wme 200 micron and the laminar jet velocity 
(produced by controlling the liquid supply pressure) was set at 
7.1 m/eec. The corresponding tfeber frequency was counted, by the 
procedure deeeribed above, to be approximately 6030 Ha and the plate 
to transducer eeparatioa was set accordingly (mp2) to obtain standing 
IS wave conditioner 

Vhen the droplet etreasu were subjected to a turbulent, 
accelerating gae field having a velocity of 19.3 m/s (measured in the 
vertical direction) and directed so as to i^ix^^e on the droplets 
prior to the onset of coalescence, the droplet eise distribution as 
20 smsured at a location spaced vertically 060 ni beneath the orifice 
plate was found to narrow significantly giving a Sauter Hean Diameter 
of 430 micron with a standard deviation of 61 micron. 
eOHPASATIVB EXAMPLE 1 

The above example was repeated using the same liquid foxmulatlon 
25 and conditions as' specified above except that the 1 swlnsr Jet 
velocity wae 6.6 m/s (the corresponding Veber frequency being 
coeiputed as 6410 Ba) and the gas flow was absent. The orifice plate 
to transducer separation was set accordingly to obtain standing wave 
conditions (m-2). Measurements of droplet site distribution made at a 
30 location spaced vertically 860 nm beneath the orifice plate was found 
to show the effect massive coalescence • the SMD in this case being 
718 siicron with a standard deviation of 288 micron. 
EXAMPLE 2 

The liquid formulation referred to in Example 1 above was 
35 converted to powder particles in an industrial scale spray drying 

tower of the form shown in Figure 1. The droplet generator cooiprlsed 
a part- spherical plate formed with about 500 orifices arranged in a 
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n«nber of concentric ro« with «n orificto-orific. pitch of 5 n. 
and a roir-to-roir pitch of 5 m. The outer row ma located at a 
perpendicular diatance of 1*0 an from the vertical axia of •jmrnzvy 
of the part-apherical pl«te. Ga. at a flow rate of 3.3 N .-^ Ct 
5 2o»C) «aa heated to a toaveratur. of 320-C and introduced into the 
tover vim an aannlar duct encircling the droplet generator euch that 

the aer«»w «»« «" " * ' 

(.t 320-C) . The duct «e oriented .o that ga. i«a directed radially 
inmrdly at an angle of about 30* to the vertical. 
10 Linuid «ae aupplied to the droplet generator nt a rate which 

reaulted is the production of laialaar jeta having an exit velocity of 
6 6 • a-1. the Jeta i.e«ed from the part-.pherlcal plate at angle, 
^ch. remtiv. to the vertical, ranged from 45. In the ca.e of the 
outer tbm of Jeta to 30- in the case of the inner roir of Jeta. 
15 The traaeducer van poaitioned to eet up atanding veve conditlona 

(■-2) and opentml in accordance with a eoiVttt«» Wober frequ«u:y of 
7*70 Ha. The roattltlng particle else dietribution aa aised on a 
Fritseh particle aicer la given bclowi 

CLASS (micron) WeightZ in each claae 

20 X00>200 * 

200-300 *^ 
300-400 
400-SOO 

SOO-600 ' 
25 «00-700 ♦ 

The mean particle eiae (ba.ed on ma..) «. found to be approxiaately 

344 micron. 
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1. A process for thm prodttction of solid particles; cooiprisingt 
projecting from a body of liquid an array of mtnally divorgant Jats: 
disturbing the jets to cause break up thereof into etreaae of 

^ droplets of narrow sise distribution; 

contacting the array of resulting droplet streams, with a gas f lov to 
reduce coalescence of the droplets in each streaait and 
causing or allowing th« dropleta to solidify at least partially irtiile 
in flight. 

2. ▲ proceee ne claia»d in Clmim 1 in which the sagnitude of the 
gas flow velocity exceeds the ■agnirnde of the velocity at which the 
Jete are projeeeed. 

3. ▲ proceee ne claiawd in Claia 1 in which eolidificatien of the 
droplets is effected by interaction with the gae. 

IS 4. A proceee aa claiMsd in any one of Claia» 1 to 3 further 
cosiprising projecting the liquid as a plurality of jets while 
applying preeeure pulaee to said body of liquid fomolation so that 
the jets are eionltaneoosly subjected to said preeeure pulses and are 
thereby caused to break up into droplets of narrow sine dietribution. 

20 5. 4 process as clslieed in any one of Clains 1 to 4 in which the 

liquid is projected as a aultiplicity of wutually^divergent Jets from 
a curvilinear surface, the Jets being encoaqmssed between a pair of 
iottginary conical eurfaces which intereect the curvilinear surface. 
6. Apparatus for producing solid particles, cos^risingi 

25 aeans for discharging liquid f oxanlation frosi a body of the liquid ae 
an array of jetet 

neans for disturbing the Jets to cause break up thereof into an array 
of droplet streaam coo^rising droplets having a narrow sine 

distributions 

30 means for contacting tha droplet streams with a gae flow so that, 
prior to the onset of cMlescence. the droplets in each stream are 
dispersed to reduce coaleecence thereof ; and 

means for effecting at least partial solidification of the droplets 
while in flight* 

35 7 . Apparatua aa claimeri in Claim 6 in which said disturbing SMwas 
it operable to apply prmaeure pulses to eaid body of liquid so as to 
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disturb th. J.t. .lnilt«i.ott.ly and effect break up th.r.of into 
droplet, having a narrow .ize distribution. 

S Apparatus as clai«d in Clai. 7 in which th. preemure pul... ere 
produced br an acoustic transducer la«rsed within or in contact with 
* the body of said liquid foraaUtlon. 

9. Apparatus a. daiawl in Clal. 8 in which the pule, frequency 1. 
that at which the Jet. resonate. 

10. Apparatu. a. clain«d in any on. of Clal«. 6 to 9 in which .aid 
discharging meant eoaprl.e. a plat, defining an array of orifice. 

10 from which the liquid 1. discharged and in which the distance of 

..paratlon bet.e«» the plate and the active .urfaee of the tr.««lucer 
Mbitantially correeponda to an even nmbmv of quarter wavwlengths of 
the acQuatlc wave, gennated within the body of liquid. 
U. Apparatu. a. cUl«d in any on. of CUla» 6 to 9 Irt which th. 

15 jats ar. projected fro. an array of orifice. fo»ed in a curvilinear 
outwardly conwex eurfac. euch that the cur«tur. of the «rf«ce 
detexalne. th. trajectori.. of the Jet.. 

12. Apparatu. as clala-d in any on. of Clalw 7 to 9 in which th. 
polalBg mean, la .o d..igB«l a. to produce a preerar. wave having a 
20 wavaf rent which «»b.tantlally conf ow. to th. .hap. of th. wrfae. in 
which th. orific. ar. fotaad. 

13 Apparatu. a. clai«d in any of ClaiM 6 to 12 to which contact 
b.tween the droplet, and aald ga. flo. i. .uch that the droplet, are 
subjected to variable diaplace-ent forces laterally of the direction 
25 of J.t projection and/or to an acceleration in the general direction 
of travel of the array of jet.. 

14. A ..thod of .pray drying . liquid formlation to produce a 
particulate product, co.prl.ingt 

(.) projecting the liquid formulation from a vee.el containing 
30 the eame a. an army of dommrdly diracted jet.: 

(b) generating acou.tlc waves within the liquid contained by the 

vessel in such a wmy as to disturb the jets substantially 

siBttltaneottsly to cause them to break up into streama of 

droplets having a narrow siae range: 
35 (c) prior to the onset of droplet coalescmc. contacting said 

struM of dropl.t« with a turbulent ga. flow to r«lne. droplot 

coalaacenee: and 
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(d) At the liquid droplets descend within the temr, effecting 
at leest partial solidification of the liquid droplets hy 
interaction trith said gas. 

15. A aethod as claimed in Claim 14 in which the gas flow is such 
^ that the droplets are subjected by said gas flow to variable 

displaeesmt forces laterally of the direction of Jet projection. 

16. A aethod as claia»d in Claia 14 or 13 in which the droplets are 
subjected by said gas flow to acceleration in the general direction 
of travel of the array of Jets. 

17. A sMthod as claimed in any one of Claims 1 to 5 and 14 to 16 in 
which the gas is introduced via an annular passageway encircling a 
perforated plate from which the droplets projected* the gae flow 
being directed iawardlr relative to the amy of Jets so ae to 
intercept the droplet etr easts prior to the onset of eealeecence. 

13 16. A mthod as claimed in any one of Claims 1 to 5 and 14 to 16 in 
which the liquid formulation is projected through orifieee in a plate 
of generally spherical configuratim and in which the acoustic waves 
are generated in such a way that the wavefront generally conforms to 
the configuration of the plate, the frequency subetantially 
20 correepoade to the resonant frequency of the Jets aad s ubs t anti ally 
standing wave conditiona prevail between said plate and the active 
face of the transducer generating the acoustic waves. 
19. Spray drying apparatus for producing solid particles, 
cco^risingt 
25 (a) a tower; 

(b) means located at an upper portion of the tower for 
diecharging liquid formulation from a vessel containing the saaw 
as an array of downwardly directed Jets of predetermined 
velocity and diameter: 
30 (c) Bieans for disturbing the jets to cause break up thereof into 

an array of droplet streaais comprising droplets having a narrow 
sise distributions 

(d) means for introducing a gas flow into the tower with a 
velocity of magnitude in excess of that of the Jets and in such 
35 a way that the gae contacts the droplet streams prior to the 

onset of coalescence, thereby dispersing the droplete in each 
stream to reduce coalescence thereof : and 
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(e) B.«n. for effecting at le.tt partial solidification of the 

droplet* as they descend irithin the tower. 
20. Apparattt. as claimed in Claim 19 in lAich aald <or 
effecting at least partial solidification of the droplets is 
constituted by said mean, for introducing the gas £lo» Into the 
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tower 



21. Apparatus a. clal—d in Claim 19 or 20 in which said discharging 
Mans comprises a perforated plate of generally part-spherical 
configuration through the orifice, of which the liquid I. discharged, 
said disturbing means comprises an electroacoustic transducer having 
an active face which 1. in contact with the liquid contained by the 
vessel and Is of eompl«-nt«ry configuration to thm plate, the 
transducer is operated nt a frequency substantially corresponding to 
the rn'^t frequency (Weber frequency) of the jete. and the 
transducer and said plate are so spaced that acoustic standing wave 
condltlona are eet up within the liquid ecntalned by the veeeel. 
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